Combustion possibility of upgrade ECO coal as a blended fuel of commercially thermal power plant was investigated by thermogravimetric analysis (TGA), drop tube furnace (DTF) and ignition temperature (IT) tester. TGA results showed that combustion patterns of coal samples has the simultaneous devolatilization and oxidation reactions, and the fixed carbon contained with minor content in high moisture ECO coal (HM ECO) was slowly burned to high temperature than it of dry ECO coal (Upgrade ECO) due to heat loss of moisture evaporation. The linear regression for the Arrhenius plot to the experimental data is very good, and activation energies for overall combustion of bituminous C & A (Design C & A) and Upgrade ECO are 66.83 and 29.64 kJ/mol, respectively. It was derived that activation energies of 30%, and 50% Blends produced through mixing of Upgrade ECO of 30%, and 50% to Design C & A are 31.44 and 29.98 kJ/mol in reciprocal proportion to blending ratio. Test results show that the volatile content contained in coal samples area significantly improved the combustion reactivity. The conversion behavior of the coals observed in DTF was similar to that reflected in TGA. DTF studies showed that the combustion of all blends was also completed at residence time of around 1 second, set temperature range of 1,200°C similar to commercial coal fired plant. Although the Upgrade ECO has the highest conversion than the blends, it was not appropriate as the single pulverized fuel of coal fired plant because its initial deformation (IDT) and ignition temperatures of about 1,090 and 215°C, respectively, were too low to cause the slagging in boiler, and the firing at pulverizer. The IDT of the blends ashes of Upgrade ECO of less than 30% was about 1,250°C, and, was not expected to be associated with slagging and fouling in pulverized coal fired systems.
Introduction
In Korea, coal is an important energy resource for meeting the demand for electricity, as coal reserves are much more abundant than those of other fossil fuels. At present, coal-fired power plants mainly involve pulverized coal combustion. Bituminous coal, whose moisture content is about 2.0-10.0%, is largely used in utility boilers in Korea because of its high ignitability, high combustibility, and high calorific value whereas some low rank coal with moisture content of less than 25% was often used due to coal import instability. In case of the combustion of high moisture coals, considerable problems such as heat loss of moisture vaporization, high exit gas temperature, and high pulverizer power compared to bituminous coal combustion occurs, and as a results, boiler efficiency decreases. However, since the global demand for coal is considered to increase, it is desired to utilize not only low-rank coals with high moisture, but also coals with high volatile content. Low-rank coals such as lignite, brown coal and peat have low heating values primarily due to high moisture and oxygen contents. This results in high transportation cost per thermal unit of coal. There is considerable interest in the possibility of drying prior to use, and transporting or storing in the upgrade state for extended periods. Although upgrade coal of high moisture fuel has higher calorific values, they are not used very often for the pulverized coal combustion power plants in Korea because of lack of combustion experience. The Korea government has recently sponsored development of an upgrade plant through dewatering and drying of high moisture Indonesia coal (Kim, 2009) .
It is, therefore, of great importance to clarify the combustion characteristics of the high moisture coal, the upgrade coal, and blends of coal as a basis for the design of C & A bituminous coal. Thermogravimetric analysis, besides providing a means for the preliminary assessment of fuel values in coal allows for a priori knowledge of initial and final temperatures for their combustion as well as other relevant data such as maximum reactivity temperature or total combustion time. The combustion kinetic parameters such as activation energy and kinetic constants for the VESTA program (Lee et al., 2007) which evaluates the effect of fuel change on the heat transfer and boiler efficiency in 500 MW boiler are also measured by TGA. DTF reactors that closely simulate the combustion conditions in commercial pulverized fuel boilers may be more appropriate for studying coal combustion behavior such as coal ignition, burnout, combustion efficiency, SOx , NOx and ash formation (Carpenter and Skorupska, 1993) . It is also necessary to ascertain the ignition characteristics of coals because of the firing risk at the pulverizer and storage field. These information can then be used to forecast combustion efficiency, residence time of pulverized fuel, ash fusion temperature, the firing possibility, etc. (Su et al., 2001) . Therefore, KEPCO'RI (Korea Electric Power Corporation's Research Institute) has investigated the utilization possibility through upgrading of high moisture ECO (coal name) coal in development at Indonesian coal mines as blended fuel for commercial coal fired power plant using TGA/DTF and IT tester.
Experimental

Coal sample
HM ECO was obtained from ECO mines in Indonesia. For investigating the dry effect of the moisture contained in the HM ECO, Upgrade ECO were collected from KIER (Korea Institute of Energy Research)'s upgrade plant which kerosene oil has been used in the drying process of high moisture coal at temperature of about 150°C (Kim, 2009 ). The Design C & A as design coal of commercial power plants was sampled from the pulverized fuel storage used at Dangjin thermal power plant of KEPCO. Blends of Upgrade ECO ranged from 10-50% versus Design C & A to see the blending effect of the Upgrade ECO, and, were prepared by a coal mixer. Samples covered five series with blending ratio of Upgrade ECO of 10 (10% Blends), 20 (20% Blends), 30 (30% Blends), 40 (40% Blends), and 50% (50% Blends), respectively. The proximate and ultimate analysis of coal samples are listed in Table 1 . The as-received samples were crushed and sieved to a particle size below 74 μm before being tested.
Upgrade ECO has relatively high volatile content because of its lowered ash content. Clearly, it has higher content of fixed carbon than HM ECO, and high volatile fuel ratio [VM / (VM ϩ FC)] to combustible material (volatile and fixed carbon). Especially, the volatile matter in Upgrade ECO is as high as 39.54%, and fixed carbon is significantly increased to 45.69% due to the removal of much of the moisture in HM ECO. In addition, Upgrade ECO and blends originated from HM ECO contain a high content of oxygen compared to Design C & A.
Experimental apparatus and procedures
Thermogravimetric experiments were carried out with a thermo-balance coupled to a quadrupole mass spectrometer (Cahn 2100, Cahn Instrument Ltd.). Pure helium was used as a purge gas. The flow rate of the air gas was approximately 50 cm 3 /min. Runs were performed at a heating rate of 10°C/min using a sample amount of 10 mg. The quadrupole mass spectrometer was connected to the thermobalance via an open coupling with a differential pressure reduction via an orifice. The coupling could be heated up to 900°C to prevent condensation of the evolved products.
The DTF used in the study consisted of a ceramic tube of length 600 mm and ID 30 mm having six zones (Kim and Lee, 2010) . All six zones were electrically heated by Kanthal wire and the temperature in all six zones could be raised up to 1400°C. After each zone was heated to a similar temperature, sample (samples and gases) collection was provided through a water-cooled probe. The specially designed water-cooled probe having a vacuum pump and cyclone was used for collection of solid samples. Details of the DTF are shown in Figure  1(a) . Samples were injected through the fluidized bed feeder at the rate of 0.077 kg/h (1.28 g/min) when the temperature of the combustor was in the range of 1,100-1,400°C. The primary gas of 2.93 l/min for moving the fuels to the combustion zone and preheated (250°C) secondary gas of 7.1 l/min as a combustion oxygen providing 3% excess air was fed into the combustor. The unburned residual from the sampler suction port was collected for each run. The velocity of gas inside the combustor was 0.24 m/s and the velocity at which the samples were collected by the probe was in the range of 2.0 to 2.1 m/s. The resident time of coal particles was adjusted by the insert position of the suction port for sampling of by products. Combustion efficiency was calculated with the ash tracer, assuming that ash not undergo further transformation in the reactor using Eq. (1).
(1)
where, Ash coal is the ash content in coal (% dry basis) and Ash byproduct is the measured percentage of mineral matter in the combustion byproduct (% dry basis). The tests were replicated three times under the same conditions.
The experimental system to investigate the sponta-neous ignition characteristics of samples consisted of a programmable oven, stainless steel mesh reactors (ID 65 mm, length 55 mm) furnished with four chromelalumel (type K) thermocouples, an air-nitrogen flow system and a two channel chart recorder for continuously monitoring the thermocouple outputs. Figure 1(b) is a schematic diagram of the system (Kim and Lee, 2010) . For each sample in each run, 50 g of the coal was weighed in the reactor and placed in the programmable furnace. The coal samples used were made by compressed powder in a cylinder type of mold of 4 cm diameter with a 12 ton/cm 2 press. Air at a flow rate of 50 cm 3 /min was passed through Rotameter into the oven while relative humidity was controlled about less than 30% by a dehumidifier. The furnace was set at a heating rate of 5°C/min. The temperature rise in the oven and temperature of coal sample surface in the mesh reactor was continuously recorded. The temperature-time histories of the oven and the inside of the mesh reactor were also obtained. The tests were replicated three times under the same conditions. Ignition temperature analysis was performed by CPT method (Yucel and Varamaz, 2003) . CPT (cross point temperature) was defined as the oven temperature when the temperatures (To) of the oven atmosphere was the same as the temperature (Ts) of the surface of coal samples whereas IT (ignition temperature) was the oven temperature when the temperature of the surface of coal samples reached about 400°C.
Analysis of physicochemical properties
The physical properties of coal and ash samples were measured as follows. The chemical composition was analyzed using X-ray fluorescence analysis equipment (EMAX-3770, Horiba Corp.). Particle morphology was observed by scanning electron microscopy (SEM, 5200-1AE, JEOL Ltd). Adsorption and desorption isotherms of nitrogen on the coals samples were obtained at 77 K using an air permeability apparatus (ASAP 2010, Micromertics Corp.). Coal samples were evacuated at 150°C for 1 h prior to exposure to nitrogen gas. Their surface areas were calculated by applying the BET equation. The fusion temperature of coal minerals was measured by heating microscope using an Oxdu IDT meter with a temperature range of 25-1,700°C in accordance with ASTM (2004). Heat transfer coefficients of coal samples such as thermal conductivity, diffusivity and Cp were analyzed at a temperature of 25°C in nitrogen gas by a thermal diffusivity meter (Netzschlfa Analyzer, Netzsch Corp.). XPS analyses were carried out in vacuum generators (XPS, ANOVA, KRATOS Corp.).
Results and Discussion
TGA/DTG Results
TGA curves of HM and Upgrade ECO were di-vided into the dehydration and combustion in shown as Figure 2 (a). Dehydration of HM ECO completed at a temperature below 150°C whereas that of Upgrade ECO finished at 205°C. Devolatilization and carbon combustion of HM ECO continues to 900°C due to heat loss of moisture evaporation. Dehydrations of HM ECO at various heating rates are completed at temperatures less than 150°C as shown in Figure 2(b) . However, activation energies for the dehydration of high moisture ECO coal ranged from 51.23-54.63 kJ/mol at various heating rates, and it was expected that the combustion of HM ECO at the bituminous coal fired boilers was not appropriate because of the high heat loss of moisture evaporation. Most the single coals showed very similar TG curves as shown in Figure 3 (a): a first weight loss near 100°C due to vaporization of moisture and a second weight loss below 600°C due to simultaneous volatile and carbon combustion. However, TGA of the blends except for the dehydration peaks were divided into devolatilization and carbon oxidation peaks due to mixing two coals of different combustion patterns: second peaks VOL. 44 NO. 6 2011 423 near 350°C, and a third loss between 350 and 600°C due to combustion of the carbonaceous matrix with different reactivity. The DTG (differential thermogravimetry) curves obtained in air at a heating rate of 10°C /min are reported in Figure 3(b) . The combustion of all blends took place in three stages. In the case of the first peaks, combined waters of various contents contained in coals were dehydrated at temperatures of about 100 Ϯ 50°C. For DTG, the largest release of volatile matter was observed in the temperature range 220-365°C. The third top peaks of the temperature range 470-500°C were caused by the decomposition of more complex organic structures and the oxidation of fixed carbon. This is reasonable because all of the coal consisted of various species of hydrocarbons with a wide range in boiling point (Hessley et al., 1982) . TGA of Design C & A shows the typical combustion profile of a bituminous coal with two peaks between 320 and 650°C with a maximum weight loss rate at 525°C, and the result of thermal decomposition such as loss of volatiles as well as char gasification, and then the combustion of hydrocarbon and fixed carbons. The combustion profile of Upgrade ECO was similar to Design C & A. However, DTG of Design C & A is widely distributed from 321 to 646°C. These results showed that the fixed carbon in Design C & A was constantly burned over wide temperature ranges than in Upgrade ECO due to the low VR (volatile ratio in combustible matters). Table 2 shows some characteristic parameters obtained from the above TGA burning profiles. The onset temperature for volatile release and weight loss is called T v and its value for Design C & A is 321°C, which is higher than those obtained for the six other coals studied, indicating that Design C & A requires a higher temperature to start releasing volatile matter. As a consequence of devolatiliza-tion, profiles of Upgrade C & A take place at lower T v values than those of coal originated from blends, more so in the case of Design C & A whose final temperature of combustion was higher indicating that volatile release and carbon combustion was almost complete. As the Upgrade ECO was used as blended fuel for the Design C & A, the low T v values of coal exhibited by these coal could prove favorable to initiate combustion of the coal. In the case of the temperature of maximum weight loss rate in coal combustion, T m , values corresponding to the Upgrade ECO are also very low and associated to an intense maximum in their weight loss rate, which indicates that these materials undergo a fast and intense devolatilization due to the high organic matter content. T m values is lowered with increasing the volatile fuel ratio [VM / (VM ϩ FC)] to combustible matter. Upgrade ECO showed the lowest burning times (t q ). The t q of coal commonly lowers with increasing the volatile fuel ratio. In spite of a low volatile fuel ratio to combustible matter, t q of Design C & A is lower than blends due to the narrow range of burning temperature. With regard to the temperature needed for mass stabilization upon combustion or final combustion complete temperature, T f , this is lower for the Upgrade ECO than for the other samples, because most combustion takes place at lower temperatures. These trends are expected from the theory based on a heterogeneous combustion mechanism such as for various coals. Some fundamental kinetic properties, such as Arrhenius parameters, have been derived from TGA and DTG curves and related to coal reactivity. It is necessary for the combustion process in the TGA/DTG test of coal to be described with a first-order reaction. The coal pyrolysis or combustion reaction equation may simply be expressed by the following formula (Kim and Lee, 2010) gives as Eq. (2) (2)
Because it may be shown that, for most values of E and A for the temperature range of combustion, the expression ln[AR[1 Ϫ (2RT / E)] / HE] in Eq. (2) could be considered as a constant, the left side of Eq. (2) is plotted versus 1 / T; a straight line may be obtained if the process can be assumed as a first-order reaction. From the slope, ϪE / R, the activation energy E can be determined, and from the intercept term of Eq. (2), the combustion rate constant A can also be determined. For a constant heating rate of 10°C/min, the activation energy and reaction kinetic constant from Figure 3 were also calculated by Coats-Redfern method (Meng et al., 2007) . Plots of In[ϪIn(1 Ϫ x) / T 2 ] vs. 1 / T were characterized by the striking linearity (Figure 4) , each with its associated activation energy from the slope of line. In the case of coal combustion, as the activation energies of combustion decrease, and the reaction rate constant increases, the burning and the pyrolysis rates of coal parti- cles accelerate, and the conversion and combustion efficiency of coal particles increase (Biswas et al., 2006) . The activation energies and reaction rate constants for combustion of the seven coals were calculated from Arrhenius plots.
The linear regression to the experimental data is very good and activation energy was derived from Figure 4 . In the case of four coals, simultaneous devolatilization and oxidation reactions in one step happened, although the reaction temperature for the devolatilization and then oxidation reaction for blends shows due to the difference in combustion reactivity between volatile and fixed carbon component. The calculated results from Figure 4 showed that an activation energy of 66.83 kJ/mol for the Design C & A whereas that of Upgrade ECO was 29.64 kJ/mol as shown in Table 3 . The activation energy of combustion was derived as 47.31 kJ/mol for 10% blends, and 31.44 kJ/mol for 30% blends. The activation energy of blends is lower than that of Design C & A. In the cases of both Upgrade ECO and its blends, the activation energies are lower due to increasing the volatile mater content.
DTF results
As the pulverized fuels of average particle size of less than 74 μm are usually injected into the boiler of a 500 MW commercial plant, it is burned in 1 second at a boiler temperature of 1,100-1,300°C (Korea Electric Power Corp., 1998). To replace the coal in a commercial power plant, most coal particles must complete the burnout in around 1 second at a furnace temperature on average of 1,200°C, and with a particle size of less than 74 μm. The effect of temperature on the combustion at a residence time of 1 s is shown in Figure 5 , where the conversion of all samples is measured as a function of various set temperatures. As can be seen, the combustion reactivity for six coals based on DTF tests well agreed with the TGA/DTG analysis. Three coals such as Upgrade ECO, 30% and 50% Blends were completely combusted at the set temperature of more than 1,200°C whereas conversion of HM ECO coal was still incomplete at 1,300°C. However, most combustible materials of more than 98% in coal except for HM ECO, was completely combusted at furnace conditions of the set temperature of more than 1,200°C, and residence time of around 1 second similar to a commercial coal fired plant. Figure 6 shows the conversion of six coals in the DTF at various residence times with a set temperature of 1,200°C. Upgrade ECO showed conversion higher than five other coals independence of residence time in DTF. In the case of coal combustion, conversion was commonly proportion to the volatile fuel ratio [VM / (VM ϩ FC)] to the combustible matter. The C 1s spectrums from a fresh surface of the Design C & A, and 30% blends coals to investigate the shift of carbon functional groups with blending of Upgrade ECO are shown in Figure 7 . It can be seen that the C 1s spectrum for the principal peak (C-C, C-H, CϭC) of 285 eV from the 30% Blends coal is lower than the spectrum from the Design C & A whereas the additional intensity in the former spectrum between 286 and 287 eV would have arisen because of the higher concentration of carbon-oxygen functional groups (C-O), even after blending of upgrade ECO with air exposure in drying. It is to be noted that a higher concentration of carbon-oxygen functional groups is expected throughout the blending of Upgrade ECO coal because of the lower bulk carbon and higher bulk oxygen contents of that coal. It should also be noted that the combustion efficiency of 30% Blends with high carbon-oxygen functional groups (C-O) for the two spectra is higher than Design C & A at the same combustion conditions, confirming that the combustion efficiency as well as ignition temperature are affected by the concentration of carbon-oxygen functional groups (C-O). It is observed that the trend in the burning time (t q ) behavior as depicted from TGA studies as shown in Table 2 do reflect the conversion in the DTF results except for HM ECO. The conversion ranking with residence time in DTF is in the following order:
It has been known that combustion reactivity of coal increases with an increase in the surface area of coal chars (Borrego et al., 2007) . The surface area of seven coal chars prepared in the DTF under nitrogen conditions of 1,200°C, and residence time of 1 s to study the reason why HM ECO coal has the lowerst conversion in spite of the higher volatile fuel ratio than that of six coals. The variation in surface area of the pore size was also measured through the N 2 adsorption isotherms of samples as shown in Table 4 . Pore size is expressed either in terms of the average pore diameter (or radius) of the opening, assumed cylindrical, or simply as the width in a more general sense. Pores of width less than 2 nm, or 20 Angstrom units [Å] , are referred to as micropores. Pores having a width from 2 to 50 nm (500 Å) are called mesopores, and pores of larger width are referred to as macropores. Upgrade ECO essentially contained mesopores as seen by the surface areas, which was about 351.02 m 2 /g, and the average pore diameter was 4.02 nm.
The activation energy of Upgrade ECO is low than Design C & A and HM ECO, and the volatile fuel ratio [VM / (VM ϩ FC)] and surface area of Upgrade ECO was much higher than the other coals, and the average pore diameter was the highest. According to the conversion results, the higher conversion was exhibited for the Upgrade ECO coal with the highest surface area and the highest pore diameter. The morphologies of char prepared under nitrogen conditions of 1,200°C for Design C & A and 30% Blends are shown in Figure 8 . It is impossible to determine the pores and crevices on the surface of design C & A and 30% Blends chars. Thus, one point of the largest particle was magnified 20,000 times, and this pore is shown in Figure 8(b) . For Design C & A char, its morphology has not transformed. However, in the case of the 30% Blends, a large pore char was formed at 1.0 s, which had a distinctive carbon wall. Blending of Upgrade ECO resulted in the breakage of the carbon wall in the surface of Design C & A; pores were formed in the char surface due to the high interaction between Design C & A and Upgrade ECO, and melted mineral particles were formed within the char due to the high temperature of char particles of 1,200°C. Due to its high content in 30% Blends, the release of volatile matters resulted in the formation of the char pores. The minerals within Upgrade ECO also agglomerated to a certain extent; as a result, a surface crevice of char was formed. With the heat release of the blends char, the minerals agglomerated started to melt and then submerged within the char because the lowest melting temperature for K 2 O is about 350°C (Lide, 2005) . For the 30% Blends of Upgrade ECO, a relatively distinctive transformation of char morphology was observed. With temperature up to 1,200°C, compared to that formed for single Design C & A, these differences imply the possibility of interaction between minerals as well as volatiles in co-combustion. Combustion efficiency increased with increasing the volatile ratio in combustible matter, and the concentration of carbon-oxygen functional groups as well as the surface area of sample chars. As the blending ratio of Upgrade ECO based on Design C & A was increased accordingly, the chars originating from blends had higher conversion due to their high surface areas.
Although the coals have similar surface areas, the conversion of coals increased with increasing surface area of coals chars. The coals originating from Upgrade ECO had higher conversion and surface areas of char. Commercial power plants are also concerned with slagging and fouling in boilers due to lowering the mineral fusion temperature as the coal is replaced for pulverized coal, and the IDT (initial deformation temperature) and FT (fluid temperature) of mineral matter in coals are strictly limited to minimums of 1,200 and 1,400°C, respectively ( Lawrence et al., 2008; Pipatmanomai et al., 2009) . Therefore, fusion characteristic of mineral matters obtained by combustion of the combustible material in the seven coals at an air temperature of 800 Ϯ 50°C was measured, and those results are shown in Table 5 . The IDT properties of mineral ash obtained from the seven coals varied from 1,090°C (Upgrade ECO ash) to 1,397°C (Design C & A ash) independence of fuel type. The IDT of 10% Blends ash of Upgrade ECO was found to approach that of Design C & A ash whereas the IDTs of Upgrade ECO ash is too low to easily melt at lower temperature. Therefore, the high IDT of 30% Blend ashes of Upgrade ECO of a minimum 1,250°C are not expected to be associated with slagging and fouling in pulverized coal fired systems.
It has been known that the IDT of minerals is controlled by RBA (ratio of base/acid) of metal oxides. That is, the higher the RBA of minerals, the lower its IDT values. Especially, as the RBA of mineral has a range of 0.3-0.8, its IDT markedly decreased and much clinkers were deposited inside the boiler (Korea Electric Power Corp., 1998) . The chemical components of coal minerals to determine the RAB of samples are listed in Table 6 . Design C & A minerals have the highest SiO 2 content whereas Upgrade ECO minerals have relatively high alkali content such as Fe 2 O 3 , CaO and MgO. The IDT of Upgrade ECO ash was much lower than Design C & A because the RBA of Upgrade ECO mineral was as high as about 0.73. It is essential that ratio of base to acid (RBA) of 30% Blends minerals of Upgrade ECO increases to more than 0.23 through mixing with Design C & A although the conversion of Upgrade ECO is excellent.
IT results
In the case of a commercial pulverized coal plant, the hot primary air with a temperature of 200 Ϯ 50°C heated through GGH (gas to gas reheator) in flue gas discharge system was provided in the pulverizer for moving the pulverized coals, and then fed into the boiler with pulverized coals (Korea Electric Power Corp., 1998) . To replace the pulverized coal in a commercial power plant, most coal particles must have an ignition temperature of more than 250°C. ; the temperature of the coal surface increased when air was passed, but not linearly with time, and at a lower temperature rate than that of the oven whereas the coal temperature curve does cross the oven curve at some point. The temperature at which the coal temperature curve crosses the oven curve is generally referred to as the crossing point temperature (CPT). This point is an indicator of the susceptibility of the coal to spontaneous combustion (Ogunsola and Mikula, 1992) . The temperature of the coal surface becomes hotter than the oven above the crossing point because of exothermic combustion oxidation. The lower the CPT values in air, the higher the threshold rate of heat release and the higher the susceptibility of the coal to spontaneous combustion.
The CPT values for the various heat transfer parameters studied are shown in Table 7 . The variation in CPT values were found to be over 195-290°C. The effect of the thermal transfer parameter on the spontaneous combustion characteristics of coal samples was also examined. Heat transfer coefficients of the coal samples such as thermal conductivity, diffusivity and Cp were analyzed at temperatures of 25 and 100°C in nitrogen gas. As can be seen from Table 7 , CPT values significantly decreased with an increase in the heat transfer coefficients such as thermal diffusivity, but it was the same trend as IT (ignition temperature) which was the temperature of the oven atmosphere when the temperature of the coal surface reached about 400°C due to the heat release by coal ignition. Thermal diffusivity increased with drying the moisture, and increasing the blending ratios of Upgrade ECO while Cp of Upgrade ECO was lower than HM ECO. Generally, heat transfer coefficients such as thermal diffusivity and Cp increased with an increase in the blending ratio due to the improvement in volatile ratio. This may be explained by considering that the increases in both the surface area and the volatile ratio were considerably important to decrease the CPT and IT of most coals.
Conclusions
The combustion reactivity of bituminous C & A, high moisture ECO, Upgrade ECO and its blend coals was studied using thermogravimetric analysis, a drop tube furnace and ignition temperature tester. The kinetic studies were performed using Coats and Redfern kinetic-modeling equations. The activation energy of Design C & A was 66.83 kJ/mol whereas that of Upgrade ECO was 29.64 kJ/mol. In the cases of 30 and 50% Blends, the activation energies calculated was 31.44 and 29.98 kJ/mol, respectively. The activation energy of coals originated from Upgrade ECO is lower than that of Design C & A. In the cases of both Upgrade ECO and its Blends, activation energy decreased with increasing the volatile fuel ratio [VM / (VM ϩ FC)] as well as the surface area generated from drying and mixing process.
In the cases of the five blend coals, most of the combustible materials of more than 98% except for HM ECO were completely combusted under furnace conditions of a set temperature of more than 1,200°C and an residence time of around 1 second similar to a commercial coal fired plant. The activation energy of Upgrade ECO is low than Design C & A and HM ECO, and the volatile fuel ratio [VM / (VM ϩ FC)] and surface area of Upgrade ECO was much higher than the other coals, and average pore diameter was the highest. According to the conversion results, higher conversion was exhibited for Upgrade ECO coal with the highest surface area and pore diameter. Although Upgrade ECO has the highest conversion, it was not appropriate as a single pulverized fuel of a coal fired plant because its initial deformation and ignition temperatures of about 1,090 and 215°C were too low, thereby cause the slagging in the boiler, and the spontaneous combustion in the pulverizer. The IDT of blend ashes of less than 30% of Upgrade ECO was about 1,250°C, and it was not expected to be associated with slagging and fouling in pulverized coal fired system, and its IT of 275°C was appropriate for the prevention of spontaneous combustion as a blended fuel of 
